Abstract-This paper investigates the effects of mutual coupling between the elements of an array on direct data domain algorithms. Mutual coupling severely undermines the interference suppression capabilities of direct data domain algorithms. The method of moments (MoM) is used to evaluate the mutual coupling between the elements of a given array. The MoM admittance matrix is then used to eliminate the effects of mutual coupling.
assumed that the array is isolated from its surroundings. However, in a real system, each array element must have some physical size. In the practical case, the elements spatially sample and reradiate the incident fields. The reradiated fields interact with the other elements causing the sensors to be mutually coupled. It must be mentioned that while this paper focuses only on the effects of mutual coupling on the performance of adaptive algorithms, a similar effect is seen due to scattering from objects in the near field of the array. For example, in an airborne radar application, the scatterer could be wing of the aircraft platform.
Gupta and Ksienski [5] analyze and compensate for the effects of mutual coupling on a statistical adaptive algorithm. The analysis is restricted to a linear array of thin half-wavelength dipoles. The authors define the mutual coupling as the mutual impedance of two such dipoles and demonstrate that even for large interelement spacing, mutual coupling degrades the ability of statistical algorithms to suppress interference [6] . Adve [7] reports a similar degradation in the capabilities of direct data domain algorithms.
In [5] the authors compensate for the effects of mutual coupling by relating the open circuit voltages (voltages at the ports of the array if all were open circuited) with the voltages measured at the ports. The stated assumption is that open-circuit voltages are free of mutual coupling. This assumption is only valid in a limited sense. The open circuit voltages are the voltages in the presence of the other open circuited elements. As shall be shown in this paper, this implies that the effects of mutual coupling have been reduced but not eliminated.
The work of [5] remains the only published effort analyzing the effects of and compensating for mutual coupling in adaptive antenna arrays used for signal recovery. Many authors have used this formulation to analyze and eliminate the effects of mutual coupling on direction of arrival (DOA) estimation algorithms [8] , [9] . Pasala and Friel [11] use the method of moments (MoM) to quantize and eliminate the effects of mutual coupling on DOA estimation algorithms. However, the authors solve the entire MoM problem, requiring knowledge of the incident fields. In practice, this information is not available.
In the present work, the problem of signal recovery by a linear array of equispaced thin half-wavelength dipoles is analyzed.
The MoM is used to analyze the antenna array. For an accurate analysis, multiple basis functions (unknowns) per element are used. Using a Galerkin formulation, the entries of the MoM impedance matrix measure the interaction between the basis functions, i.e., they quantize the mutual coupling. In contrast, the work of [5] is equivalent to using one basis function per element in a MoM analysis. This is well known to be inadequate for an accurate numerical analysis.
In Section II, the antenna is modeled as a linear array of identical, thin, centrally point loaded dipoles. The MoM is then used to analyze the behavior of the array in the presence of an arbitrary incident field. This analysis leads to the MoM impedance matrix. While MoM analyses of wire dipoles are well known, the formulation is presented here to obtain the exact relationship between the incident fields with the measured voltages. This formulation will be crucial to the elimination of mutual coupling.
In Section III, the effects of mutual coupling on the performance of a direct data domain algorithm of Sarkar and Sangruji [2] are illustrated using two examples. Section IV presents a technique to compensate for the effects of mutual coupling. The proposed technique is tested on the examples of Section III. The technique is also compared to the compensation for mutual coupling using open circuit voltages as suggested by [5] . Another example is also presented to present the ability of the technique to suppress interference in different scenarios.
II. METHOD OF MOMENTS ANALYSIS
In an adaptive receiving system, an antenna array receives a signal corrupted by thermal noise and possibly external interference such as clutter and jammers. From an electromagnetics point of view, this can be treated as multiple incident fields impinging on the antenna. To understand the behavior of the antenna, we must therefore analyze its response to an arbitrary incident field.
In this paper, the receiving antenna is assumed to be a linear array of elements. The elements are parallel thin equispaced dipoles. Each element of the array is identically point loaded at the center. The dipoles are -directed, of length and radius , and are placed along the -axis, separated by distance . The array lies in the -plane.
We begin by analyzing the response of the antenna array to a incident field E . Since the array is composed of thin wires the following simplifying assumptions are valid [14] : 1) the current flows only in the direction of the wire axes (here the direction.); 2) The current and charge densities on the wire are approximated by filaments of current and charge on the wire axes (that lie in the plane); and 4) surface boundary conditions can be applied to the relevant axial component on the wire axes.
Based on these assumptions, the integral equation that relates the incident field to the current on the wires and describes the behavior of the array is (1) We solve this equation using the MoM to obtain the MoM impedance matrix. The basis functions used are piecewise sinusoids as described in [13] and shown in Figs Assuming that the incident field is linearly polarized and arrives from direction (θ, φ), it can be written in the functional form (3) where is the wave vector associated with the direction of arrival of the incident signal. Therefore, the th entry in the MoM voltage vector , corresponding to the th basis function on the th antenna, is given by the analytic form (4) where , . is defined in Fig. 2 .
The th entry in the [Z] matrix is the inner product of the th basis function with the -component of the electric field due to a sinusoidal current source corresponding to the th basis function
. Therefore, the entries of the [Z] matrix are a measure of the interaction between different sections of the antenna array; that is, they are a measure of the mutual coupling between sections of the array. An analytic expression for the entries of the MoM impedance matrix is derived in [13] . Because of the choice of a piecewise sinusoid basis and the choice of an odd number of basis functions per antenna element, only one basis function is nonzero at the port. This is illustrated in Fig. 2 where the basis function marked in bold is the only one contributing to the current at the port. Therefore, the measured voltage at the port of the th antenna is given by (5) i.e., the measured voltage at a port of the array is directly proportional to the coefficient of the basis function corresponding to the that port.
The next section illustrates the effects of mutual coupling by comparing the ideal case of no mutual coupling between antenna elements with the case where mutual coupling is taken into account, but not compensated for. The effects are demonstrated on a direct-data domain algorithm.
III. THE EFFECTS OF MUTUAL COUPLING
In [2] , Sarkar and Sangruji present a direct data domain technique to adaptively recover a desired signal arriving from a given look direction while simultaneously rejecting all other interference. The technique is based on the fact that in the absence of mutual coupling, a far-field source presents a linear phase front at the ports of a linear array. In this section, we demonstrate that the mutual coupling undermines the ability of this algorithm to maintain the gain of the array in the direction of the signal while simultaneously rejecting the interference. To do so, we compare the performance of the algorithm in the ideal case of mutual coupling with the case where mutual coupling is taken into account but not compensated for. We begin by briefly describing the adaptive technique developed in [2] .
A. Least Squared Error Adaptive Nulling
Consider an array of uniformly spaced isotropic point sensors shown in Fig. 3 . The array receives a signal (marked from an assumed direction and some interference sources (marked from unknown directions. In the absence of mutual coupling, each individual source presents a linear phase progression across the face of the array. Therefore, the voltage at the th element due to the incident fields is (6) where , is the complex intensity of the signal incident from direction , is the intensity of the th interference source arriving from direction , and is the additive noise at each element. Let represent the phase progression of the signal between one element and the 
where . The last rows of the matrix contain only interference and noise terms. Setting the product of these terms with the weights to zero, nulls the interference in a least squared sense. The equation represented by the first row constrains the array gain in the direction of the signal. It can be shown that if , the signal can be recovered and (8)
B. Numerical Examples
Two examples demonstrate the effect of mutual coupling between the elements of the array on the algorithm described in Section III-A. In each example, an array receives a signal corrupted by three jammers. To focus only on the effects of mutual coupling these examples neglect thermal noise.
For each example two scenarios are compared. In the first scenario the ideal case of no mutual coupling is assumed and the voltages at the array ports are given by (6) . These voltages are then passed to the signal recovery subroutine to find the weights using (7) and the signal is estimated using (8) .
In the second scenario the mutual coupling is taken into account. The antenna is analyzed using the MoM. The intensities of the signal and interference and their directions of arrival in conjunction with (4) are used to calculate the MoM voltage vector. Equation (5) is used to find the voltages that are measured across the load at the individual ports. These measured voltages are input to the signal recovery subroutine. The signal intensity is then recovered using (8) . No attempt is made to compensate for mutual coupling.
The details of the chosen array are presented in Table I . The receiving algorithm tries to maintain the gain of the array in the Table II .
In all simulations the jammer intensities, the directions of arrival of the jammers and the signal intensity are used only to find the voltages input to the receiving algorithm. The receiving algorithm itself uses only the direction of arrival of the signal, i.e., only the look direction is considered to be known.
C. Example 1: Constant Jammers
In the first example, the magnitude of the incident signal is varied from 0 V/m to 10.0 V/m in steps of 0.05 V/m while maintaining the jammer intensities constant as given in Table II . If the jammers have been nulled correctly and the signal recovered properly, it is expected that the recovered signal has a linear relationship with respect to the intensity of the incident signal. Fig. 4 (a) plots the results of using the algorithm presented in Section III-A to recover the signal in the presence of jammers in the absence of mutual coupling. As can be seen, this magnitude displays the expected linear relationship.
In the second scenario, for each value of the incident signal intensity, mutual coupling is taken into account and the measured voltages are obtained using the MoM. The results of the reconstruction using the voltages affected by mutual coupling are presented in Fig. 4(b) . As can be seen from the figure, in the presence of mutual coupling the reconstruction is completely inaccurate. As the incident signal increases in intensity, the reconstructed signal displays a nonlinear behavior.
In the above example, jammers are included in the simulation to illustrate the effects of mutual coupling on interference suppression. Without any interference, the plot of reconstructed signal versus intensity of incident signal is would be the linear relationship of Fig. 4(a) . This is because in the absence of mutual coupling the beam pattern would change little with changing signal strength. Most of the signal is eliminated by the subtraction operation in (7). 
D. Example 2: Constant Signal
In the second example, the signal is kept constant at 1.0 V/m as given in Table II . The intensity of first jammer arriving from is varied from 1.0 V/m (0 dB with respect to the signal) to 1000.0 V/m (60 dB) in steps of 5 V/m. The same scenarios of Example 1 are compared. If the jammers are properly nulled, we expect the reconstructed signal to have no residual jammer component. Therefore, as the jammer strength is increased, we expect the reconstructed signal to remain constant. Fig. 5(a) presents the results of using the receiving algorithm when mutual coupling is absent. The magnitude of the reconstructed signal is indistinguishable from the expected value of 1.0 V/m. This figure demonstrates that in the absence of mutual coupling, the receiving algorithm is highly accurate and can null a strong jammer. Fig. 5(b) shows the results of using the measured voltages that are affected by mutual coupling. The magnitude of the reconstructed signal varies approximately linearly with respect to the intensity of the jammer. This is because the strong jamming is not nulled and the residual jammer component completely overwhelms the signal.
The reason the signal cannot be recovered when mutual coupling is taken into account can be visually understood by comparing the adapted beam patterns in the ideal case of no mu- tual coupling with the case where mutual coupling is present. In Fig. 6(a) we see the beam pattern in the ideal case. The pattern clearly displays the three deep nulls at the directions of the interference. The high sidelobes are in the region where there is no interference. Because of the deep nulls, the strong interference can be completely nulled and the signal recovered correctly. Fig. 6(b) shows the beam pattern when the mutual coupling is taken into account. As is clear, the gain of the antenna in the signal direction is considerably reduced, the pattern nulls are shallow and are displaced from the desired locations. The shallow nulls result in the inadequate nulling of the interference, hence, the signal cannot be recovered.
The two examples presented here illustrate the importance of the problem at hand. When mutual coupling is taken into account not only is the main beam of the adaptive array is pointed in the wrong direction, but also the ability to form deep nulls in the directions of the interference is considerably rediuced.
In summary, the direct data domain algorithm of [2] is a promising alternative to the traditional classical statistical adaptive algorithms. However, using the voltages measured at the ports of the array yields incorrect results and the mutual coupling between the elements undermines the ability of the algorithm to suppress interference.
The next section presents a technique to compensate for the effects of mutual coupling for linear dipole arrays. This tech- nique is demonstrated to be more effective than the compensation technique of [5] .
IV. ELIMINATION OF MUTUAL COUPLING
Most adaptive algorithms assume that each element in the array is independent of the other elements in the array. The mutual coupling arises due to the reradiation of the incident fields from the elements themselves. To eliminate the effects of mutual coupling, we begin by realizing that the MoM voltages of (4) are related directly to the incident fields and so are not affected by mutual coupling. The approach here will be to recreate some part of the MoM voltage vector from the given measured voltages.
The MoM analysis results in a matrix equation that relates the coefficients of the current expansion to the MoM voltages through the admittance matrix. Since the MoM impedance and admittance matrices are independent of the incident fields, they can be evaluated a priori.
The measured voltages at the ports of the antenna are related to the current coefficients by (5) . Using this equation and (2), the -dimensional vector of measured voltages can be written as (9) where 
where is the vector of length whose entries are the MoM voltages that correspond to the ports and is the matrix that relates the measured voltages to . Equation (16) is a relation between the measured voltages and the MoM voltages that correspond to the ports of the array. In a practical application, the measured voltages are the given quantities and are affected by mutual coupling. The MoM voltages on the right-hand side of (16) are the voltages that are directly related to the incident fields and so are free from the effects of mutual coupling. Both vectors are of order , the number of ports. Therefore, this equation can be easily solved for the MoM voltages corresponding to the ports of the antenna. Furthermore, if the elevation angle of interest ( ) is fixed, the matrix [B] can be evaluated a priori. Hence, the computational cost of eliminating the mutual coupling is the limited to the solution of a small matrix equation.
The open circuited voltages are the voltages measured at the ports of the array if the ports were open circuited. In [5] , the authors assume that these voltages are free of the effects of mutual coupling. However, the open circuit voltage at a particular element is the voltage measured in the presence of the other open circuited elements. Therefore, the effect of mutual coupling has been reduced but not eliminated. Mutual coupling can be assumed to have been eliminated only when there is nothing impeding the path of the incident fields-in effect, not even the array itself.
A. Numerical Examples
In this section, the formulation presented above to eliminate the effects of mutual coupling is tested on four examples. The first two examples are the same as the examples used to demonstrate the effect of mutual coupling in Section III-B. For these two examples, the use of open circuit voltages as suggested by [5] is compared with the use of the voltages found from (17).
B. Example 1: Constant Jammers
The seven-element array defined in Table I receives a signal corrupted by three jammers. The base signal and jammer strengths are as given in Table II . The magnitude of the incident signal is varied from 0 V/m to 10.0 V/m in steps of 0.05 V/m while maintaining jammer intensities constant as given in Table II . For each value of the signal intensity the MoM voltage vector is evaluated to yield the measured voltages. The measured voltages and the signal DOA are treated as the known quantities.
Using the measured voltages and MoM admittance matrix, the open-circuit voltages are obtained [14] . These open circuit voltages are passed to the direct-data domain algorithm described in Section III-A and an attempt is made to recover the signal. It is expected that the recovered signal varies linearly with the intensity of the incident signal. Fig. 7(a) presents the results of using the open-circuit voltages. The expected linear relationship is clearly seen, implying that the jammers have been nulled and the signal recovered correctly. The numerical value of the signal is correct within a calibration constant.
In the second scenario, the measured voltages are used to estimate the vector using (17). These voltages are used to recover the signal. Fig. 7(b) shows the results of using the voltages in . Again, the expected linear relationship is clearly visible. This example has shown that open-circuit voltages do provide some compensation for mutual coupling. The use of open-circuit voltages provides for significantly better signal recovery than using the measured voltages directly, as shown in Fig. 4(b) . The technique to eliminate the effects of mutual coupling introduced in Section IV also proves to compensate for mutual coupling.
In this example, however, the interference was relatively weak. A more stringent test for both compensation techniques is to check their ability to suppress strong interference.
C. Example 2: Constant Signal
In the second example, the intensity of the incident signal is held constant at 1.0 V/m. The intensity of the first jammer is varied from 1.0 V/m to 1000 V/m (60 dB above the signal) in steps of 5 V/m. For each value of the jammer intensity, the MoM voltage vector is calculated and the measured voltages are calculated. In the first scenario, the measured voltages are used to find the open-circuit voltages. The open-circuit voltages are passed to the direct-data domain algorithm of [2] . In the second scenario, (17) is used to find the voltage vector . These voltages are used to recover the signal and null the jammers using the same algorithm. If the jammers are properly nulled, the reconstructed signal magnitude should remain constant as a function of jammer strength. The results of compensating for the mutual coupling using the technique presented in this paper is shown in Fig. 8(b) . The magnitude of the reconstructed signal varies between 0.996 V/m and 1.004 V/m, i.e., the error in the signal recovery is very small. This figure shows that the strong jammer has been effectively nulled and the signal can be reconstructed.
The reason that using the open-circuit voltages is inadequate to compensating for the mutual coupling while the technique presented here is adequate is illustrated using the adapted beam patterns in the two cases. The adapted beam pattern associated with using the open-circuit voltages is shown in Fig. 9(a) . The nulls are placed in the correct locations. However, they are shallow, resulting in the inadequate nulling of the interference.
The beam pattern associated with compensating for the mutual coupling using the technique presented in this paper is shown in Fig. 9(b) . The nulls are deep and placed in the correct directions. This demonstrates that the mutual coupling has been suppressed enough so as to null even a strong jammer. Figs. 7-9 allow us to conclude that using the open-circuit voltages does reduce the effect of mutual coupling somewhat. However, the reduction is inadequate to suppress strong interference. This is because the open-circuit voltage at an array element is the voltage in the presence of the other open-circuited elements. The technique presented in this paper proves to be far superior in compensating for mutual coupling. This is because by using multiple basis functions per antenna element, the mutual coupling information has been represented accurately.
D. Example 3: Effect of Noise
The examples presented above illustrate the effects of mutual coupling and ignored the additive noise at each antenna element. This example presents the effect of thermal noise on the adaptive algorithm. The noise is additive and is modeled as a Gaussian random variable. The noise at any element is assumed independent of the noise at the other elements. Since the noise introduces a random component to the data, comparisons will be made in terms of averages over many random samples.
In this example, a 13-element array of thin half-wavelength long wire dipoles receives a signal corrupted by three jammers as given in Table III . The -directed dipoles each have radius and are spaced a half-wavelength apart. Each wire is centrally loaded with a 50 resistance. Seven unknowns per wire are used in the MoM analysis, leading to a total of 91 unknowns. The signal-to-noise ratio was set at 13 dB. Note that jammer 1 is a strong jammer (66 dB with respect to the signal).
For each of the 13 channels, a complex Gaussian random variable is added to the measured voltages due to the signal and jammers. This set of voltages, affected by noise, is passed to the signal recovery routine described in Section IV. This procedure is repeated 500 times with different noise samples. These 500 samples are used to find the average and variance. The output signal to interference plus noise ratio (SINR) in decibels is defined as bias var (18) The results of the above simulation are presented in Table IV . When the measured voltages are used directly to recover the signal mainly due to the high bias in the estimate of the signal, the output SINR is only 6.355 dB. The high bias can be directly attributed to the inadequate nulling of the strong jammer. However, when the mutual coupling is eliminated using the technique presented in this paper, the jammers are completely nulled yielding accurate estimates of the signal. The total interference power is suppressed to nearly 20 dB below the signal.
The examples presented here demonstrate that the method proposed in this section is an effective compensation technique to deal with the effects of mutual coupling. Using the MoM with multiple basis functions per element allows us to reduce the mutual coupling to an extent where it is inconsequential.
V. CONCLUSIONS
This paper has demonstrated that, for the development of practical direct-data domain algorithms, the electromagnetic nature of the array must be taken into account. We have shown that the mutual coupling between the elements of the array causes adaptive algorithms to fail. This problem is associated with both covariance matrix approaches (stated earlier by [5] ) and direct-data domain approaches (investigated here).
To properly characterize the antenna the MoM is used. Previously published work in this area has used only one basis function per element. However, this is usually inadequate for an accurate antenna analysis. The use of multiple basis functions per element in a practical manner is a major advance over previously published methods.
The mutual coupling is eliminated by recognizing that the MoM voltage vector is free from mutual coupling. By using a relationship between the entries of the MoM voltage vector, a square matrix equation is developed between the given measured voltages and the relevant entries of the MoM voltage vector. It is shown that this method works very well in the presence of strong interfering sources. Furthermore, it is shown that the proposed technique is superior to the earlier suggested method of using the open circuit voltages.
In summary, this paper has investigated a topic that is very important to the development of practical adaptive algorithms. The proposed method is easy to implement and does not add an inordinate computational burden on the adaptive process.
